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Edited by Lukas HuberAbstract Nocturnal light pulses induce phase shifts in circadian
rhythms and activate cFos expression in the suprachiasmatic
nuclei (SCN). We have studied the role of nitric oxide (NO) in
the intercellular communication within the dorsal and ventral
portions of the SCN in Syrian hamsters. Administration of the
NO scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide blocked photic phase advances in a dose-dependent man-
ner and inhibited light-induced cFos-ir, without aﬀecting light-
induced circadian phase delays. These results suggest that NO
may act as an intercellular messenger in the SCN, mediating
light-induced phase advances.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Circadian rhythms are orchestrated by the hypothalamic
suprachiasmatic nuclei (SCN) and entrained by light through
a retinohypothalamic glutamatergic neurotransmission [1,2].
Light exposure during the night induces behavioral phase
shifts and the expression of several immediate early genes –
including cFos – in the SCN, which can be considered as mark-
ers of neuronal activation in the nuclei [3,4].
Several signal transduction pathways responsible for photic
mammalian entrainment have been proposed, such as the acti-
vation of cyclic nucleotides and related kinases [5–7]. Intercel-
lular signaling is also important in circadian rhythm
generation and entrainment, since SCN cellular oscillators re-
quire to be coupled to determine a coherent period and light
response [8,9]. The subregional distribution of signaling mole-
cules in the SCN suggests a cellular basis for temporal gating
of photic input to the circadian clock [10]. Elucidating the
communication mechanisms between these regions is essential
to understand how the circadian clock is coordinated; several
lines of evidence suggest the involvement of diverse neuro-
transmitters in intercellular coupling [11]. Here we propose a
coupling mechanism based on the gaseous messenger nitric
oxide (NO), a non-polar gaseous molecule able to diﬀuse
through the cellular membrane [12] and activate intracellular
signaling pathways like the NO-cGMP-PKG pathway [7].*Corresponding author. Fax: +54 11 4365 7132.
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doi:10.1016/j.febslet.2007.10.058We analyzed the role of NO in the intercellular commu-
nication within the hamster SCN by using a speciﬁc NO scav-
enger, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(PTIO) to assess the eﬀect of extracellular NO on photic
entrainment.2. Materials and methods
2.1. Animals
Male adult Syrian hamsters (Mesocricetus auratus) were raised under
a 14-h light and 10-h dark cycle (LD 14:10, lights on at 06:00), at
22 ± 2 C and with food and water ad libitum. Zeitgeber time 12 (ZT
12) was deﬁned as the time of lights oﬀ. All animal procedures were
performed in strict accordance with NIH rules for animal care and
maintenance. Running-wheel activity was continuously recorded for
each animal by using a digital system (Archron, Buenos Aires, Argen-
tina) that registers wheel revolutions and stores them at 5-min intervals
for further analysis. Onset of wheel-running behavior was deﬁned as
circadian time 12 (CT 12); phase shifts of circadian activity rhythms
were calculated using eye-ﬁtted lines drawn by observers blind to the
experimental conditions through consecutive activity onsets before
and after the day of a stimulus (day 0), discarding days 1–4 because
of possible transient eﬀects.
2.2. Behavioral experiments
Hamsters were anesthetized with 75 mg/kg ketamine and 10 mg/kg
xylazine. Stainless steel guide cannulae (22 ga., Plastics One) were im-
planted into the third ventricle (0.6 mm anterior to bregma and 8.2 mm
ventral to the skull surface directly on the midline, toothbar at
2.0 mm), animals were transferred to constant darkness (DD) for
10 days before drug administration.
PTIO (Sigma Chem. Co.) was dissolved in 0.5% ethanol in sterile
saline. PTIO (100 lM, 10 lM or 1 lM) was injected into the third ven-
tricle (1.5 ll, 1 ll/min, n = 6 per group) in a crossover design. Injec-
tions were followed 30 minutes later by a 10 min light pulse (600
lux). Ethanol (0.5%) in sterile saline was used as vehicle.
2.3. Western blot
Animals received i.c.v. injections of drug (PTIO 100 lM, n = 3) or
vehicle (n = 3) 30 min before a 600 lux light pulse at ZT 18. Hamsters
were sacriﬁced 60 min after light pulse; brains were quickly removed
and placed at 80 C. The SCN were punched out and homogenized
in 50 mM Tris/HCl buﬀer (pH 7.4), with 0.32 M sucrose, 1 mM
EGTA, 1 mM EDTA, 50 mM NaF, a protease inhibitor cocktail
(AEBSF, E-64, bestatin, aprotinin and leupeptin), 2 mM sodium orto-
vanadate and 10 lm okadaic acid (all drugs from Sigma). SCN protein
blots (30 lg) run in 9% SDS–PAGE gels and transferred to Hybond
nitrocellulose membranes (GE Healthcare) were incubated for 48 h
at 4 C with a monoclonal mouse anti-cFos antibody (Santa Cruz Bio-
technology Inc., 1:4000 in TTBS).
Immunoreactivity was assessed using a secondary antibody coupled
to horseradish peroxidase (Chemicon Int., 1:5000) and visualized with
the ECL kit (GE Halthcare). Blots were stripped and reincubated for
2 h with a b-actin antibody (GE Healthcare, 1:1000) and the whole
procedure was repeated to visualize the expression of this house-keep-
ing protein.blished by Elsevier B.V. All rights reserved.
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Animals received i.c.v. injections of drug (PTIO 100 lM, 10 lM or
1 lM; n = 4–6 per group) or vehicle (n = 6) 30 min before a 600 lux
light pulse at ZT 14 or ZT 18. Hamsters were anesthetized 60 min after
light stimulation and perfused intracardially with 80 ml 0.1 M phos-
phate buﬀer saline (PBS) followed by 110 ml 4% paraformaldehyde
in 0.1 M phosphate buﬀer (PB). Brains were post-ﬁxed overnight,
transferred into 30% sucrose–PBS solution for 48 h and 40 lm coronal
sections were collected in 0.1 M PB and washed with 0.4% Triton X-
100 in 0.01 M PBS (PBS-T). Non-speciﬁc binding sites were blocked
with 0.1% BSA and 2% normal horse serum (NHS) in PBS-T for
1.5 h at room temperature. Sections were incubated with rabbit poly-
clonal anti-cFos antibody (1:5000, Santa Cruz Biotechnology Inc.)
for 72 h at 4 C, followed by a 2 h incubation with a biotinylated uni-
versal secondary antibody (1:200, Vector Labs). The reaction was visu-
alized with the avidin–biotin complex and the VIP chromogen
(Vectastain Elite ABC kit, Vector Labs).3. Results
3.1. Eﬀect of NO scavenging on phase shifts in the subjective
night
PTIO blocked light-induced phase advances of locomotor
activity (Fig. 1). A 10 min light pulse (600 lux) induced a
135.0 ± 21.2 min phase advance at CT 18, unaﬀected by vehi-
cle injection (121.5 ± 8.0 min, Fig. 1A) or 1 lM PTIO (dataFig. 1. PTIO blocks light-induced phase advances in hamsters. (A–E) Rep
horizontal line represents the activity record for 48 h, and successive days are
vehicle (A), 10 lM PTIO (B) or 100 lM PTIO (C) 30 min before a light pulse
before a light pulse at CT 14. Light pulses are represented by grey arrows. (F)
as mean ± S.D. (n = 4–6 per group). ** P < 0.01 vs. light (ANOVA followednot shown), signiﬁcantly reduced by 10 lM PTIO
(50.0 ± 18.8 min, Fig. 1B) and almost completely blocked by
the previous administration of 100 lM PTIO (20.0 ±
17.3 min, Fig. 1C) (P < 0.01 vs. control for both doses, ANO-
VA followed by Dunnett’s test). In contrast, PTIO administra-
tion at CT 14 did not aﬀect light-induced phase delays
(Fig. 1D–E, control 90 ± 20 min, PTIO + light 120 ± 32 min).
3.2. Eﬀect of NO scavenging on cFos expression during the late
night
cFos expression was rapidly induced by light pulses at ZT 18
in the hamster SCN (fold expression relative to dark control
values: 7.4 ± 2.1, n = 3), an eﬀect which was inhibited by about
70% by the previous administration of 100 lM PTIO (fold
expression relative to dark control values: 2.1 ± 0.4, n = 3).
In all cases, cFos expression levels were quantiﬁed relative to
actin levels in the same western blots (Fig. 2).
Expansion of the label across the SCN – from the dorsome-
dial (DM) to the ventrolateral (VL) portion of the nucleus –
could be observed when animals were perfused at longer times
after light exposure (Fig. 3A). PTIO blocked light-induced
cFos-ir in a dose-dependent way (Fig. 3B). cFos-ir positive
cells counting was 575 ± 80 60 min after a ZT 18 light pulse
following vehicle injection. While 1 lM PTIO injection didresentative actograms of hamster locomotor activity rhythms. Each
plotted below one another. Animals received a 1.5 ll i.c.v. injection of
at CT 18. (D) and (E) Show vehicle and 100 lM PTIO injection 30 min
Bar graph showing phase shifts for each condition. Data are expressed
by Dunnett’s test).
Fig. 2. PTIO blocks light-induced cFos expression in the hamster SCN. (A) Representative western blot showing cFos and b-actin expression in the
SCN at the late night, and after a light pulse with previous administration of PTIO (PTIO + LP) or vehicle (LP). (B) Decrease in light-induced cFos
expression by PTIO administration. Data are expressed as an increase of the cFos/actin expression relative to dark control values mean ± S.D. (n = 3
per group). * P < 0.05.
Fig. 3. Light-induced cFos expression in the hamster SCN. (A) Representative SCN coronal sections illustrating cFos expression 15–120 min after a
ZT 18 light pulse. (B) Eﬀect of 1, 10 or 100 lMPTIO injections 30 min before a light pulse at ZT 18. cFos-ir was analyzed 60 min after light pulse. (C)
Bar graph showing cFos-ir in the ventrolateral (black bars) and dorsomedial (white bars) portions of the SCN (expressed as percentage of total ir
cells) after light stimulation at ZT 18 and (D) after injection with PTIO before the light pulse. Data are expressed as mean ± S.D. (n = 4–6 animals per
group). Scale bar: 100 lM. DM: dorsomedial SCN and VL: ventrolateral SCN.
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reduced its expression by about half (260 ± 15, P < 0.05)
and 100 lM PTIO signiﬁcantly blocked cFos-ir (64 ± 21
cells, P < 0.001 vs. control, ANOVA followed by Dunnett’s
test).Expression of cFos was analyzed in the DM and VL por-
tions of the SCN. While cFos was expressed in the VL region
– the retinorecipient part of the SCN – at all times after the
light pulse, DM expression increased 60 min after light stimu-
lation at ZT 18 (Fig. 3A and C). PTIO injections 30 min before
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the SCN (Fig. 3B and D), suggesting a role for NO in the com-
munication between both regions of these nuclei.4. Discussion
NO is a highly reactive small gaseous molecule, able to regu-
late a set of physiological processes, including vascular tone,
blood vessel remodeling, cellular immunity and neurotransmis-
sion [13]. NO is synthesized in SCN neurons from L-arginine by
neuronal NO synthase (nNOS) [14] which exhibits a diurnal
variation in its activity [15]. Increases in NO levels enhance
light-induced phase shifts [16], while nNOS inhibition blocks
photic phase shifts of activity rhythms in hamsters [17,18] and
neuronal activity in the rat SCN in vitro [19]. Moreover, there
is compelling evidence that NO-mediated signal transduction
(in particular, through guanylyl cyclase activation) is speciﬁ-
cally necessary for light-induced phase advances of the clock [7].
Besides its role as an intracellular messenger, NO could also
convey photic information by diﬀusing within the SCN tissue
as an extracellular messenger, coupling individual neuronal
oscillators within the nuclei. We have used a selective scaven-
ger of extracellular NO, PTIO, which reacts with NO to pro-
duce NO2 and PTI without aﬀecting nNOS activity nor
passing through the cellular membrane [19]. PTIO blocked
both light-induced phase advances and cFos expression in
the SCN, suggesting that extracellular NO signaling is neces-
sary for circadian photic entrainment. We have chosen cFos
expression as a marker of the ventral–dorsal spread neuronal
activity in the SCN after photic stimulation. In previous stud-
ies there has been a controversy between the eﬀects of NO syn-
thase inhibitors on light-induced cFos expression; while some
authors found a decrease in its expression levels [20], others
have reported a lack of eﬀect of these blockers on light-induced
cFos in the SCN [21]. In addition, nNOS knockout mice
(which appear to be normally entrained to light) exhibit only
moderate decreases in light-induced cFOS expression [22].
SCNneurons are single cell autonomous oscillators [23] capa-
ble of generating coherent circadian output [8,9,24] Among
other mechanisms, neuropeptide signaling [25], Na+ channels-
mediated action potentials, gap junction-mediated processes
[26–28] and GABAergic neurotransmission [29,30] have been
proposed to mediate cellular coupling in the SCN [27].
Two subdivisions are deﬁned within the SCN: the VL region
is located above the optic chiasm and is characterized by neu-
rons that synthesize vasoactive intestinal polypeptide (VIP)
and GRP, surrounded by the DM region which contains argi-
nine–vasopressin and calretinin neurons [31–33]. VL-SCN cells
respond to a photic stimulus during the subjective night with
an increase in the expression of clock genes of the Period
(Per) family and immediate early genes of the Fos family,
whereas the DM-SCN shows a circadian oscillation of expres-
sion of these genes. Although the DM-SCN acts as a stronger
autonomous oscillator, its robust and synchronized neuronal
oscillation depends to a great extent on neuropeptide release
from the VL-SCN [1,10,31–33].
NO is an appealing candidate for modulating coupling
among cellular networks, due to its rapid and transcellular ef-
fects. While this coupling eﬀect has been demonstrated in sev-
eral experimental systems (e.g. [34,35]), recent evidencesuggests that NOS activity is also needed for the expression
of high-amplitude circadian rhythms in SCN cultures, since
NOS inhibitors abolished the circadian rhythm in 2-deoxy-glu-
cose uptake in cultured SCN2.2 cells [36]. In addition, while
NO synthase is expressed throughout the SCN [37], a clear
rhythm diurnal and circadian variation of NO production
was speciﬁcally measured in the dorsal portion of the nuclei,
inferred by in vivo microdyalisis of nitrite levels [38]. Accord-
ing to our data, it is plausible that NO acts as a transcellular
messenger in the SCN in vivo, contributing to inter-regional
communication between suprachiasmatic areas with diﬀerent
primary functions.
In summary, our current research explores the regulation ex-
erted by extracellular NO on light-induced phase shifts of
wheel-running rhythms in hamsters. Although a role for intra-
cellular NO generation had been already reported by several
authors [6,7,17,18], we propose a novel coupling role for this
gaseous molecule in the circadian clock. Our results conﬁrm
a phase-speciﬁc eﬀect for the NO signaling pathway in the
SCN, which signiﬁcantly aﬀects light-induced phase advances
but not delays. Since ventral expression of cFos appears to
be preserved, we propose that extracellular NO is a coupling
signal between VL and DM subregions of the SCN. The devel-
opment of novel NO scavengers and donors will therefore
open a new direction in the experimental, and eventually clin-
ical, regulation of circadian rhythms.Acknowledgements: Supported by the National Science Agency
(ANPCyT), the National Research Council (CONICET), the Buenos
Aires Province Research Council (CIC) and the National University
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